In this study, the chemical composition of fine particulate matter samples collected at U.S. Environmental Protection Agency Speciation Trends Network sites in San Jose, CA, from February 2000 to February 2005 were analyzed. A San Jose site was initially established at 4th Street and then subsequently moved to Jackson Street in mid-2002. These sites are ϳ1 km apart. There were no known major changes in the nature of the sources in the area over this period. The study used positive matrix factorization model to extract the source profiles and their mass contributions and to compare the results for the congruence of the source apportionments between these two nearby sites. In the case of the 4th Street site, the average mass was apportioned to wood combustion (32.1 Ϯ 2.5%), secondary nitrate (22.3 Ϯ 2%), secondary sulfate (10.7 Ϯ 0.6%), fresh sea salt (7.7 Ϯ 0.9%), gasoline vehicles (7.3 Ϯ 0.5%), aged sea salt (6.8 Ϯ 0.4%), road dust (6.7 Ϯ 0.7%), diesel emissions (3.9 Ϯ 0.3%), and a Ni-related industrial source (2.5 Ϯ 0.4%). At the Jackson Street site, the average mass was apportioned to wood combustion (33.6 Ϯ 2.6%), secondary nitrate (20.3 Ϯ 1.9%), secondary sulfate (13.9 Ϯ 0.9%), aged sea salt (12.4 Ϯ 0.7%), gasoline vehicle (8.3 Ϯ 0.6%), fresh sea salt (5.3 Ϯ 0.5%), diesel emission (3.2 Ϯ 0.3%), road dust (1.9 Ϯ 0.1%), and Ni-related industrial source (1.3 Ϯ 0.1%). Conditional probability function analysis was used to help identify local sources. These results suggested that moving the sampling site a short distance had little effect on the nature of the resolved source types although some differences in their quantitative impacts were obtained in the positive matrix factorization analyses.
INTRODUCTION
Emissions from a variety of sources have resulted in atmospheric pollution that, in turn, has produced serious problems, such as visibility degradation and acidic deposition on local and regional scales and climate change on a global scale. [1] [2] [3] Because particulate matter (PM) has adverse human health and welfare effects, 4,5 many countries are developing and implementing environmental policies to control PM by establishing ambient air quality standards for PM. In 1997, U.S. Environmental Protection Agency (EPA) promulgated a National Ambient Air Quality Standards for PM with aerodynamic diameters Ͻ2.5 m (PM 2.5 ). 6, 7 To establish the relationship between PM concentrations and public health impacts, to understand PM temporal and spatial variations, and to understand source/receptor relationships, the Speciation Trends Network (STN) program was initiated by EPA in 2000. The STN consists of 54 long-term trends sites and ϳ185 supplemental sites. 6, 7 To manage ambient air quality and establish effective emissions reduction strategies, it is necessary to identify sources and to apportion the ambient PM mass. To do so, receptor models have been developed that analyze various measured properties of the pollutants at the receptor site, identify the sources, and estimate their contributions. Many studies have applied these methods to assess the contribution of sources to enable reasonable ambient aerosol control. 8 -13 Among the multivariate receptor models used for PM source identification and apportionment, positive matrix factorization (PMF) has been developed 14 to provide an explicit least-squares technique. PMF has been shown to be a powerful technique relative to traditional multivariate receptor models. It has been successfully used to assess ambient PM source contributions at various locations. 12, 13, [15] [16] [17] [18] The objective of this study was to estimate the mass contributions and chemical composition of sources of PM 2.5 at two STN sampling sites in San Jose, CA. PMF was applied to identify the sources and apportion the PM 2.5 mass to each source. In addition, the conditional probability function (CPF) was applied to identify the predominant directions of local sources relative to surface wind direction. This study was used to compare the source contributions at each sampling site where the site has been relocated a short distance from the initial location. If the two sites both provide samples that are representative of the area, and the distance between sites is such that they are expected to reflect the same mix of sources, then the results of the source apportionments at the two sites should be similar and thereby provide a test of the source IMPLICATIONS It is often necessary to move a monitoring site. This work shows that two nearby sites do provide similar source apportionment results so that there are data for trend analysis even with the site change. apportionment methods to resolve and apportion the particle sources.
EXPERIMENTAL WORK
Sample Collection and Analytical Methods PM 2.5 samples were collected at the 4th Street and Jackson Street STN sites in San Jose (Figure 1 ). The location of the 4th Street site (site ID: 60850004) is latitude 37.34°N, longitude 121.89°W, and the location of the Jackson Street site (site ID: 60850005) is latitude 37.35°N, longitude 121.895°W. These sites were located southeast of the San Jose International Airport. The distance between the Fourth Street site and the Jackson Street site is ϳ1 km. The 4th Street STN site was relocated to Jackson Street STN site in mid-2002. Highways and local roads are adjacent to the sites. The sampling sites are located ϳ46 km east of the Pacific Ocean and 14 km southeast of the San Francisco Bay. The land use around the 4th Street site was residential, whereas for Jackson Street, the land use is primarily commercial. There are ϳ122 PM 2.5 emitting facilities in the area according to the 1999 emissions inventory. 19, 20 The PM 2.5 samples were collected on Teflon, Nylon, and quartz filters with a spiral aerosol speciation sampler (Met One Instruments). 21 The Teflon filters were used for the analysis of mass concentrations and elemental analysis (a total of 48 elements) by energy-dispersive X-ray fluorescence. The Nylon filters were used for the analysis of cations (NH 4 ϩ , Na ϩ , and K ϩ ) and anions (SO 4 2Ϫ and NO 3 Ϫ ) by ion chromatography. The quartz filters were used for organic carbon (OC) and elemental carbon (EC) by thermal optical transmittance method. 21, 22 Samples were collected every 3 or 6 days, and a total of 221 samples were collected from Tables 1 and 2 provide the arithmetic mean, standard deviation, geometric mean, and minimum and maximum values for the measured species at two sampling sites.
Receptor Modeling
Factor analysis has been widely used in the air pollution research field to identify pollution sources. An explicit least-square approach called PMF can be written as 14 : where x ij is the measured concentration in the jth species in the ith samples, g ik is the mass concentration of the kth source contributing to the ith sample (i.e., source contributions), f kj is the mass fraction in the jth species from the kth source (i.e., source profiles), e ij is the portion of the measurements that cannot be fitted by the model (residuals), and p is the total number of sources. PMF was implemented using the PMF2 program. 14 PMF2 has been used in many studies. 13, 15, 18, [23] [24] [25] [26] [27] [28] [29] PMF depends on error estimates for each measured data value. 27 Increased error estimates provide a useful method to reduce the weight of below detection limit (BDL) and missing values. Polissar et al. 23 has suggested an approach for estimating the concentration values and their associated error estimates including BDL values and missing data, and this approach was used in this study. The measured concentrations below the method detection limit (MDL) values were replaced by half of the MDL values, and their uncertainties were set at five sixths of the MDL values. Missing concentrations were replaced by the geometric mean of the concentrations, and their accompanying uncertainties were set at four times this geometric mean concentration.
The parameter, FPEAK, was used to control rotations. By setting a nonzero value of FPEAK, the PMF2 is forced to add one g vector to another and subtract the corresponding f factors from each other, thereby yielding more physically realistic solutions. 30 The Q values were plotted against the FPEAK value to explore the rotational space where only small changes in the Q values are observed. It is also possible to use pairwise scatter plots of the g vectors to help define the FPEAK value. 31 In this study, FPEAK values between Ϫ1 and 1 were examined, and an FPEAK value of 0 was selected.
CPF
To analyze local source impacts from various wind directions, the CPF values were calculated using source contribution estimates from PMF coupled with the wind direction values measured at the site. 29 The sources are likely to be located in the directions that have high conditional probability values. To minimize the effect of atmospheric dilution, daily fractional mass contribution from each source relative to the total of all sources was used rather than the absolute source contribution. The same daily fractional contribution was assigned to each hour of a given day to match the hourly wind data. 28 The CPF was described in detail by Kim and Hopke. 29 In this study, the 15 sectors were used (⌬⌰ ϭ 24°), and calm winds (Ͻ1 m/sec) were excluded from this analysis. The threshold value was set at the upper 25th percentile of the fractional contribution from each source.
RESULTS AND DISCUSSION
Data Analysis For those cases where the PM 2.5 mass concentration and/or all of the elemental concentrations were missing, the sample was excluded from the analysis. OC blank corrections were performed by using the regression of OC concentration against PM 2.5 mass concentration. 27, 32 A reasonable blank estimate was obtained by calculating the intercept of the regression of OC concentration against PM 2.5 mass concentration. The reported particulate OC concentrations were then blank corrected using these estimated OC blank values. To select the input variables, the signal-to-noise (S/N) ratios were calculated. 33 Variables were defined to be a good, weak, or bad variables if S/N ratio Ն2, 0.2 Ͻ S/N ratio Ͻ 2, and S/N ratio Յ0.2, respectively. In this study, bad variables were excluded from the PMF model. Weak variables were downweighted by a factor of 2 or 3. For the 4th Street site, 25 species (OC, EC, S, NO 3 Ϫ , NH 4 ϩ , Al, Ba, Br, Ca, Cl, Cr, Cu, Fe, K, Mg, Mn, Na ϩ , Ni, Pb, Si, Sn, Sr, Ti, V, and Zn) were selected, and the weak variables (Cr, Mg, Pb, Sr, Sn, and V) were downweighted. For the Jackson Street site, 27 species (OC, EC, S, NO 3 Ϫ , NH 4 ϩ , Al, As, Ba, Br, Ca, Cd, Cl, Cr, Cu, Fe, K, Mg, Mn, Na ϩ , Ni, Pb, Si, Sn, Sr, Ti, V, and Zn) were selected, and the weak variables (As, Ba, Cd, Cr, Mg, Mn, Pb, Sr, Sn, and V) were downweighted. Tables 1 and 2 also  present the MDL (ng/m 3 ), number of BDL (%), and S/N ratios for the species at the two San Jose STN sites.
Source Contributions at 4th Street
The optimal number of sources was determined to be nine based on examination of the scaled residuals and the Q value. To estimate source contributions and source profiles in actual units for these matrices, scaling coefficients were obtained using a multiple linear regression against the measured PM 2.5 mass. 34 Figure 2 shows the source profiles obtained for the nine-factor PMF solution at 4th Street, San Jose. Figure 3 presents the time series of contributions from each source. Table 3 provides a comparison of the seasonal contributions for each source and shows the average source contributions for the whole sampling period at 4th Street, San Jose. The average source contributions for weekdays and weekend days for both sites are presented in Figure 4 .
The species contributing to the first source included OC, EC, NO, K, Fe, and Mg. This profile was identified as wood combustion. As shown in the time series plot for this source (Figure 3) , the highest level of wood combustion occurred in the winter, with particularly high contributions in the winter of 2001. Table 3 shows that the contributions during the winter were ϳ2.3 times higher than the contribution during the summer, and that mean weekend contributions were somewhat higher than weekday contributions (Figure 4 ), although there is not a statistical difference between the two. It might be anticipated that home heating with wood would be higher on weekends when the house is fully occupied for the entire day. This factor may also include some contributions from meat cooking, because the combination of OC, EC, and K would also be the main marker species for this source type as well. The major marker species contributing to the second source included NO 3 Ϫ and NH 4 ϩ , and this profile was classified as secondary nitrate. The average mass contributions of secondary nitrate show a peak in winter. Mean weekday contributions were only slightly higher than weekend contributions (Figure 4) .
The species associated with the third source included S and NH 4 ϩ , and this profile was classified as secondary sulfate. The average seasonal mass contributions show peak contributions in the summer (Table 3) . Because nitrogen oxide emissions (559.9 t/day) in the San Francisco Bay area were greater than oxides of sulfur emissions (71.6 t/day), it can be expected that the secondary nitrate contributions should be greater than the secondary sulfate contributions when cool temperatures conducive to secondary nitrate formation occur in the fall and winter. 19 Figure 4 shows no significant difference between the concentrations measured on weekdays versus those measured on weekend days.
The species contributing to the fourth source included Cl, Na ϩ , S, Ca, Mg, K, and Si. This source was identified as fresh sea salt. The peak seasonal mass contributions of fresh sea salt source were in the spring (Table  3 ). There was no difference between the concentrations measured on weekdays versus those measured on weekends ( Figure 4) .
The fifth source was interpreted as representing gasoline vehicle emissions. OC, EC, and NO 3 Ϫ were major species contributing to the fifth source along with minor species, such as Ba, Fe, Sn, Al, Ca, and Pb. This source was identified on the basis of high levels of OC and EC, with a higher proportion of OC. However, Shah et al. 35 have shown that very slow moving and stop-and-go diesel vehicle emissions have OC/EC ratios that are very similar to those of gasoline vehicles. Thus, it is likely that this is a mixed source including gasoline and slow moving diesel vehicle emissions. The gasoline vehicle emission contributions showed no difference among the seasons (Table 3) . Weekday contributions of gasoline vehicle emissions were higher than the weekend contributions (Figure 4) . These seasonal and weekend/weekday results support the assignment of sparkignition motor vehicle. It is surprising to observe a higher contribution from wood smoke than gasoline vehicles, but the strong seasonal pattern in the K concentrations supports this apportionment.
The sixth source was classified as the aged sea salt source. Although the main species in sea salt are known to be Na ϩ , Cl, SO 4 2Ϫ , K, and Ca, 36 only Na ϩ showed a high level of source contribution with S and NO 3 Ϫ . The Cl was depleted, because NaCl is converted into Na 2 SO 4 and NaNO 3 by reaction of NaCl with gaseous H 2 SO 4 and gaseous HNO 3 . 13, 37, 38 Aged sea salt showed relatively low contributions in all seasons (winter 0.70 g/m 3 , spring 0.97 g/m 3 , summer 1.27 g/m 3 , and fall 1.11 g/m 3 , respectively). Similar to the fresh sea salt contributions, the aged sea salt source showed no significant differences between weekdays and weekend days (Figure 4 ).
The major species contributing to the seventh source included Si, Fe, Ca, Al, K, and Mg, and this factor was assigned to be soil and road dust. The temporal variation of source contribution plot shows very strong contributions in October 2001, particularly October 13, 2001 (Figure 3) . Examination of the back trajectories for October 13 suggests that the air mass was transported from the ocean to the west of the site. It is not known why there are such high contribution values for this source during this period. The weekday contribution of soil/road dust was higher than the weekend contribution (Figure 4) , similar to the increased contribution of gasoline vehicles to the weekday samples.
The major species contributing to the eighth source included OC, EC, NO 3 Ϫ , Fe, Na ϩ , Si, Zn, Ca, and Cu. This source was assigned to diesel emissions. For diesel emissions, EC was higher relative to OC than was seen in the gasoline vehicle source profile. Zn and Ca are additives in motor oil, 36, 39 and Si, Cu, and Fe are released from brake pads. 40, 41 The Fe can also be from muffler ablation. For diesel emissions, the winter (1.09 g/m 3 ) and fall (0.79 . This increase may be the result of the lower mixed-layer heights in the winter relative to the rest of the year, and, thus, there is reduced dispersion of these ground level emissions. The weekday contribution of diesel emission was higher than the weekend contribution ( Figure 4 ).
The final source was an unknown Ni-related industrial source. The species contributing to this source as markers included OC, EC, NO 3 Ϫ , Fe, Na ϩ , and Ni. Ni is generally associated with oil combustion, 13 
Source Contributions at Jackson Street
The optimal number of sources in Jackson Street was also determined to be nine. Figure 5 shows the source profiles for the Jackson Street, San Jose, site. Figure 6 presents the contributions of each source to the PM 2.5 mass. Table 4 presents a comparison of seasonal contributions for each source and the average source contribution for the whole period of sampling using the PMF model at the Jackson Street site in San Jose. The species contributing to the first source as markers included OC, EC, NO 3 Ϫ , K, Fe, and Ba, and this profile was assigned to wood combustion. Again, the winter contributions were higher than the other seasonal contributions (winter 8.92 g/m 3 Ͼ fall 5.68 g/m 3 Ͼ spring 2.04 g/m 3 Ͼ summer 1.11 g/m 3 ). At Jackson Street, there were no differences between the weekday contributions versus those for weekend days (Figure 4) .
The species contributing to the second source are NO 3 Ϫ , NH 4 ϩ , and EC. This source was identified as secondary nitrate with its peak contributions again in the winter. This source showed no weekend/weekday differences (Figure 4) . The third source profile included S, NH 4 ϩ , and OC. This source was assigned to be secondary sulfate. The high OC value was quite different from the profile observed at 4th Street.
The presence of OC in the secondary sulfate profiles has been commonly observed in previous studies. 13 It could presumably result from the condensation of organic matter on the sulfate particles in the more polluted urban environment. However, it could also result from the catalysis of the particle acidity in the formation of low volatility organic matter. 43 The average contribution (1.99 g/m 3 , 13.9%) was ϳ1.3 times higher than the secondary sulfate at the 4th Street site (1.58 g/m 3 , 10.7%), even though the average sulfur concentration was lower at Jackson Streets than observed at the 4th Street site. There appears to be some unknown influence of the site location in the nature of this profile leading to much higher OC and apportioned mass.
The fourth source was identified as the aged sea salt source. The major marker species is Na ϩ , OC, NO 3 Ϫ , S, EC, Ca, and K. The average aged sea salt source contributions were highest in the spring and lowest in winter (Table 4) with no differences between the weekday and weekend contributions (Figure 4 ). The fifth source was assigned to gasoline vehicle emissions. OC and EC were the major species contributing to this profile along with NO 3 Ϫ , Al, Fe, Ba, Ca, K, and Mg. Gasoline vehicle emissions contributions showed higher weekday values than those on the weekends (Figure 4) . The species contributing to the sixth source included Na ϩ , Cl, Ca, Mg, K, and Fe. This factor was identified as fresh sea salt. The average seasonal mass contributions of fresh sea salt were similar to those of aged sea salt with a maximum in the spring and a minimum in the winter and no weekend/weekday difference.
The major species contributing to the seventh source included EC, OC, NO 3 Ϫ , S, Ba, Cu, Mg, Na ϩ , and Zn. This profile was classified as diesel emissions, although with different proportions of EC and OC compared with the 4th Street site diesel profile. EC is the primary pollutant emitted by diesel combustion. 44 The temporal variation of diesel emissions showed fairly uniform values over the sampling period ( Figure 6 ) with no seasonal differences (Table 4 ). There was no significant difference between the concentrations measured on weekdays versus weekend days (Figure 4 ). This is not consistent with diesel emissions and activity. This discrepancy requires further study in the future.
The major species contributing to the eighth source included Si, Fe, Ca, K, EC, and Ti. This source was classified as road dust source. Temporal variation of road dust source shows uniform values during the sampling period except for the October 27, 2003 , contribution ( Figure 6 ). The back trajectory for this day showed air mass movement from the northeast with the trajectory moving backward over Eastern Oregon before bending westward to the ocean over Southern Washington. However, the exact nature of this event is not known. Given the location in a more commercial area, there could also be an increased contribution from construction activity. The contributions showed only small differences among the seasons with a small increase in the fall. The weekday contributions of soil source were higher than the weekend contributions (Figure 4 ), probably as a result of the higher traffic levels on weekdays.
Finally, the ninth source was again an unknown Nirelated industrial source. The species contributing to this source as markers included NO 3 Ϫ , OC, S, Ni, Fe, Ca, and Sn. The mass contribution of Ni-related industrial source showed a weak peak in the summer. Weekday contribution was higher than the weekend contribution (Figure 4) .
Comparison of the 4th Street and Jackson Street
Results This study applied PMF to data from two sampling sites (former and relocated site). Nine sources were found at both sites: wood combustion, secondary nitrate, secondary sulfate, fresh sea salt, gasoline vehicle, aged sea salt, road dust, diesel emission, and Ni-related industrial source, respectively. Figure 7 shows the comparison of resolved source profiles for the 4th Street (dark bar) and Jackson Street (gray bar). The comparison of source profiles for each source used only the major marker species and species making high contributions to the mass of that source. In the case of wood combustion, secondary nitrate, secondary sulfate, fresh sea salt, gasoline vehicle, aged sea salt, and Ni-related industrial source profiles of these sources showed good agreement between the two sampling sites. However, the source profiles for road dust and diesel emissions showed some significant differences for several species. Study beyond the scope of the present work will be needed to obtain an understanding of these differences between the source profiles.
The CPF plots in 4th Street (black line) and Jackson Street (gray line) are presented in Figure 8 . In Figure 8 , the gray areas denote the area of overlap between the 4th Street and the Jackson Street results. The CPF plot indicated wood combustion sources located to the east, south, west-southwest, and north (weak) as shown in Figure 8 . In the case of PM 2.5 emission inventory in this area, residential wood combustion is the highest source of PM 2.5 , especially in the winter. 19, 45, 46 The CPF plot indicated secondary nitrate, gasoline vehicle, and diesel emission sources to the north, northeast, west, and south as shown in Figure 8 . These sources are related to on-road and off-road vehicle emissions. Because highways and local roads are adjacent to each of the sites, it can be anticipated that they would affect the apparent directions from which the emissions come to the site.
The CPF plot indicated secondary sulfate sources to the north, northeast, and northwest as shown in Figure 8 . The SO 2 that emitted various sources was converted H 2 SO 4 into SO 4 2Ϫ . In this area, the largest sources of SO 2 were ships and petroleum refineries. 19 Because the six petroleum refineries are located to the north of the sampling site and ships are frequently operating in northern areas of San Francisco Bay, this result is consistent with secondary sulfate originating from these relatively nearby sources.
The CPF plots indicated that sea salt (fresh and aged) originated to the west and northeast. Because the Pacific Ocean is located to the west of the sampling site and the San Francisco Bay is to the northeast, this result supports the sea salt assignments.
In Figure 9 , a comparison of the predicted PM 2.5 contributions from all sources with measured PM 2.5 concentrations shows that the PMF-resolved sources effectively reproduce the measured values and account for most of the variation in the PM 2.5 concentrations (4th Street: R 2 ϭ 0.955; Jackson Street: R 2 ϭ 0.953). Tables 3 and 4 showed the average source contributions of all of the sources identified during the sampling period in two sampling sites. The average concentration Tables 3 and 4 show the comparison of the average source contributions during the summer and winter. Contributions of wood combustion and secondary nitrate at the two sampling sites in winter were much higher than in summer. The contribution of secondary sulfate and aged sea salt source were higher in summer than in the winter at each site. Gasoline vehicle emissions and road dust do not show strong seasonal tendencies.
The contributions of wood combustion, secondary nitrate, secondary sulfate, fresh sea salt, gasoline vehicle, and diesel emission source showed similar results between 4th Street and Jackson Street. The road dust source and Ni-related industrial source contributions at 4th Street (0.99 Ϯ 0.10 g/m 3 and 0.37 Ϯ 0.06 g/m 3 ) were ϳ3.7 times and 2.1 times higher than at Jackson Street (0.27 Ϯ 0.02 g/m 3 , 0.18 Ϯ 0.02 g/m 3 ). By comparison, the average Ni concentration at 4th Street (16.4 Ϯ 2.5 ng/m 3 ) was ϳ2 times higher than the average Ni concentration at Jackson Street (8 Ϯ 0.9 ng/m 3 ). On the other hand, the mean aged sea salt contribution at Jackson Street (1.76 Ϯ 0.10 g/m 3 ) was ϳ1.7 times higher than 4th Street (1.01 Ϯ 0.06 g/m 3 ). The average contributions of emitting natural sources in 4th Street and Jackson Street (fresh sea salt ϩ aged sea salt) were 2.14 g/m 3 (14.5%) and 2.52 g/m 3 (17.5%), respectively. The average contributions of anthropogenic sources at 4th Street and at Jackson Street were 12.6 g/m 3 (85.5%) and 11.86 g/m 3 (82.5%), respectively. Given the interyear variability in meteorology and source emissions, the results from the two sites are quite comparable to one another and could probably be combined into a single analysis.
CONCLUSIONS
In this study, data from PM 2.5 samples collected at the 4th Street and the Jackson Street STN sites in San Jose were analyzed to compare the results from these two nearby sites that were operated sequentially to ascertain if the movement of the site by ϳ1 km made a significant change in the nature and apportionment of the sources. Nine sources were resolved from the data for each sampling site including wood combustion, secondary nitrate, secondary sulfate, fresh sea salt, gasoline vehicle, aged sea salt, road dust, diesel emission, and Ni-related industrial source, respectively. The contributions of the identified sources showed similar average results at both 4th Street (initial site) and Jackson Street (relocated site) and were quite comparable with one another, although there was more sulfate observed at Jackson Street than at the 4th Street site. Given the interyear variability in meteorology and source emissions, the results from the two sites are quite comparable to one another and could probably combined into a single analysis. The study of the combined dataset will be the subject of a future study.
